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Abstract

The spatial orientation of the Martian pole of rotation and axial rotation parameters have been
determined at a midpoint in the Viking epoch (January 1, 1980). The mean obliquity ¢ and node
1 angles are e = 25.1894° £ 0.0001, 9 = 35.4796° & 0.0002(20). The mean precession rate is

PY,= —7.834 0.30 arc sec yr~!. The corresponding moment estimate is C/M R? = 0.355 & 0.015
and covers two extreme theoretical estimates. Seasonal (annual and semiannual) variations in
Mars’ rotation angle have also been observed and are 279 4+ 100 and 311 + 100 milliarc-second of
angle (mas) respectively, after correcting for a general relativity effect. A simple model has been
constructed for the main contribution involving seasonal mass exchange between the ice caps and
atmosphere where the air pressure at the Viking 1 lander site is a proxy for the global ice cap /air
compared to the model prediction. The semiannual term is 100 mas larger and also differs in
phase by ~30° compared to the model. A combination of tidally driven rotation changes, zonal
winds, polar motion and ice cap model deficiencies may account for any discrepancy. The
upcoming Pathfinder lander and Mars Global Surveyor missions carry ranging transponders
which can dramatically improve our knowledge of Mars’ interior through precise determination of
the precession rate and detection of core and tidal effects. We advocate that plans be developed
for a coordinated campaign of simultaneous ranging and Doppler tracking to each transponder.

1To appear in J. Geophys. Res. Planets, 1997



Introduction

There has been some controversy concerning Mars’
polar moment of inertia C. Theoretical estimates have
been obtained using the known gravity coefficient
Jo = (C— %(B + A))/M R? and different philosophies
to recover the hydrostatic part Jap supported by ro-
tation. Each employ the second harmonic coefficients
C2 and Saz (4+/C2%, + S2, = 4J22 = (B — A)/M R%)
to subtract a nonhydrostatic contribution based ei-
ther on the hypothesis that Tharsis volcanic construct
is the dominant source [Reasenberg, 1977; Kaula,
1979; Kaula et al., 1989; Kaula and Asimow, 1991]
of nonhydrostatic support or that hidden sources are
involved [Bills, 1989]. Assume

C=Cr+ AC
B=A,+AB (1)
B=A,+ AA

where Cp and Aj are the hydrostatic component of
the polar and mean equatorial moments, respectively.

The hypothesis of Goldreich and Toomre [1969)] is -

that any internally supported lateral density varia-
tions caused by crustal, thermal or chemical proper-
ties orient themselves such that '

AC > AB > AA. 2)

One can relate Jo, J2o and the hydrostatic Jop =
(Ch —Ah)/MRg and eliminate the dependence on AA
to obtain

Jo — 2Jag = Jop + (AC — AB)/MR2.  (3)

Reasenberg [1977] and Kaula et al. [1989] argue that
the Tharsis volcanic construct is primarily responsi-
ble for the observed B — A factor based on the large
size of this topographic feature, the high correlation
of Tharsis with the B moment and the ability to es-
timate the gravity contribution of this feature from
the observed B — A difference. Effectively they adopt
AC = AB. Note that under the above assumption in
Eq.(2) the resulting Jop is an upper bound.

Jon = 0.001832 (4)

Given this "hydrostatic” Jap, the polar moment of in-
ertia follows from the standard formula from Clairaut

2 2 2 5mp )
== L — _140(J 5
C 3MRG<1 5,/ — 3, +0(J2) ) (5)

and is 0.365M R2 (using m g = w?R3/GM = 0.004570).
Bills [1989, 1990] argued that this high correlation is
unjustified, that hidden sources might be as large and
it might be better to assume that the moment differ-
ence AC — AB = AB — AA and

3
Jop = J2 — §J22 (6)

The resulting polar moment recovered from (5) and
(6) is 0.345M R2. The apparently small differences
in moment from these two different approaches have
profound implications for composition and core size.
In fact, Ohtani and Kamaya [1992] find that such a
small moment as 0.345M R? is geochemically implau-
sible.

Smith and Zuber [1996] have analyzed Martian
spacecraft occultation data and obtain among other
things a revised estimate of the mean triaxial shape
of Mars. The mean figure radii found are a = 3399.5
km, b = 3394.3 km and ¢ = 3376.5 km about the z,
y and z axes, respectively, and the uncertainties are
~100 m. The alignment of this topographic ellipsoid
differs by ~5° from the axes defining the principal
moments. The observed flattening is

o (-21-(a +b) = c)/R = 0.00602 (7)

while the observed (a — b)/R = 0.00154. The hydro-
static flattening of Mars is

1
fin = 5 (m + 3Jz4) = 0.00503 (8)

If the same argument is applied to the flattening, then
only the a axis is affected by the Tharsis construct
and the hydrostatic flattening from (7) is (b—¢)/R =
0.00525, which is close to (8). This small differ-
ence may imply either that the hydrostatic Jop in (4)
should be larger (say, Jon = 0.00204) or there is an
additional, perhaps crustal source to the flattening
which might reduce Jgp, .

A moment greater than 0.365M R2 seems nonphys-
ical. However certain mechanisms might be at work
here which would allow AC < AB and still maintain
its present orientation. First, the icy polar caps and
any solid material they entrain primarily contribute
to A and B moments but not to C. The caps will
reorient themselves based on the mean yearly solar
insolation even if Mars’ mantle attempts to reorient
because AC < AB. The second possibility is that the
rotationally induced oblateness is partially frozen in
place due to substantial cooling of the crust and up-
per mantle. Note that only 4% of Jap is required to



be rigidly fixed to maintain neutral stability to polar
wander if C = 0.370.

The primary objective here is to examine Viking
range data to obtain an observational constraint on
precession rate and hence moment C'. We also ex-
amine other geophysical observable factors such as
climate-driven seasonal variations in Mars axial rota-
tion [Caze- nave and Balmino, 1981] and solar tides
[Konopliv and Yoder, 1996]. We briefly discuss how
moment constrains internal structure, how a fluid
core effects short-period nutations [Sasao et al., 1980;
Hilton, 1992] and wobble. Complementary parame-
ters such as the second degree potential Love num-
ber ko and its correlation with composition and core
size are also discussed. Another motive is to promote
the ranging capabilities of the upcoming Pathfinder
and Mars Global Surveyor (MGS) missions. First,
we shall consider a variety of geophysical models for
Mars interior. These models will provide a plausible
range for parameters such as moments of inertia of
mantle and core and potential Love number k2 which
affect Mars orientation changes and tidal gravity field
[Hilton, 1992).

Mars’ Internal Structure

Mars’ basic structure may include a fluid Fe-FeS
core, an elastic mantle whose basic chemistry is dom-
inated by oxidized forms of Mg and Fe, and a thin,
less dense crust. Finer details include the possible
existence of a Martian low-velocity zone (indicative
of partial melt) and internal density contrasts such
as the spinel transition observed at about 400-km
depth on Earth [Basaltic Volcanism Study Project,
1981; Ohtani and Kamaya, 1992]. Structure profiles
have been constructed using the same technique ap-
plied to Venus [Yoder, 1995b], where a simple Earth
profile [Dziewonski et al., 1975] for density, rigid-
ity 1 and bulk modulus (and expressed in terms of
pressure) serves as the base state. Compositional
mantle changes are characterized in terms of changes
in the molar fraction xm (xm =Mg/(Mg + Fe)) of
magnesium to iron from an Earth-like value of 0.89.
This Earth-like profile is varied by estimating the
change in a parameter such as p with temperature
T, pressure P, and xyM using the arithmetic mean
of the Hashim-Strikman bounds [Hashim, 1983] for a
forsterite/fayalite mixture, then determining the frac-
tional change in this parameter with P, (or depth),
and finally, applying this to the nominal model. For
example, the rigidity beneath the crust [Kumazawa

and Anderson, 1969; Sumino, 1979] used to estimate
this fractional change is

sPeloe) — 509 + 302xm
+(750 + 1050x M) Pr/kbar (9
~(75 + 55xMm)(T/10%°C).

Figure 1 presents eight models for the Martian
mantle in which xm and temperature (as an offset
from a nominal profile) are varied. Curves are shown

" for xm = 70, 75, 80, and 89%. Two thermal pro-

files characterized by AT = £200° C with respect
to that of the Earth’s mantle and at the same pres-
sure at depth are employed. This temperature off-
set is applied for mantle pressures greater than 30
kbar. Crustal thickness is fixed at either 100 km
(AT = +200°) or 50 km (AT = —200°) to maxi-
mize its effect on moment of inertia. Each of these
mantle profiles are joined at an arbitrary radius with
a core whose composition (here represented by molar
fraction xc =FeS/(Fe+FeS) is adjusted to match the
known total mass. We presume that a plausible range
is 0 < x¢ < 1 although geochemically the expected
range is much smaller [i.e., Laul, 1986; Schubert and
Spohn, 1990; Schubert et al., 1992]. The resulting to-
tal moment of inertia, core moment and xc¢ are dis-
played in Figures 2 and 3.

Figure 4 shows potential Love number k5 versus to-
tal moment. The ko Love number is correlated with
core composition (see Figure 5). However, the corre-
lation of k9 and vertical displacement Love number hj
with core radius is even stronger as shown in Figure
6. '

Core density and composition can also be inferred
from these parameters if a reasonable model for crustal
thickness can be inferred from topography-gravity
field correlations or from direct measurement using
a seismic network. Finally, measurement of the core
ellipticity e, from its influence on the seasonal nu-
tations could provide a significant constraint on Mar-
tian mantle convection if it differs from its hydrostatic
value [Yoder, 1995b].

Nutation Model and Results

The precession and nutation of a planet due to ‘
the gravitational torque provided by the Sun are de-
scribed by the formulas

(' Yo+ TLO (t - to) — 69 (10)
€ = ¢€ot € (t—to)+ be



where €g and 1o are epoch obliquity and nodal lon-
gitude, respectively (see Figure 7) while and ée and
81 are periodic components [Smart, 1953; Plummer,
1960; Lyttleton et al., 1979; Borderies, 1980; Groten
et al.,, 1996]. In the case of Earth nutation models
le.g., Smart, 1953], the pole longitude is measured
from the vernal equinox to a fixed point on the eclip-
tic. This accounts for the minus sign for the longitude
variation in (10), since we have adopted Lyttleton et
al. nutation model.

The secular precession rates are

bo = 1/); 6¢ [cos I — sin I cot e cos(vp — §2)]
€6 =— g bcsinIsin(y —Q)
fc = 0.365M R2/C
(11)
The factor
-k 3 Ja n? cosE
Yo = —3 o 213/2
20.365 w (1 —e2)3/ (12)

= —7.6064 % 0.0004"yr!

is well determined, and the uncertainty is entirely diue
to the Jo gravity coefficient [Smith et al., 1993; Kono-
pliv and Sjogren, 1995] (also see Table 1). The mutual
inclination or obliquity € to orbit is :

cos€=cosIcose+sinlsinecos( — ).  (13)

The secular obliquity rate ¢p vanishes to first order
if one chooses the orbit of Mars at a reference epoch
to (here t, = January 1, 1980) as the reference orbit
such that I(t = t,) = 0. Therefore any nonzero €g
rate is purely geometrical to first order.

In addition, the precessional motion is sometimes
referred to a precessing reference frame defined by
the mean orbital nodal rate ) (= —0.000180°/d is a
six year average, and is adopted in DE403 [Standish
et al., 1995]). The relationships between the moving
solid body angles referenced to the stationary frame
fixed at time to and the moving (overbarred) frame
are

1/}0 = 17)—0 +Qcosl
ép = €0+ Qsinlsing(to) (14)
6 = ¢ — Qsinlcostyy(to)

Six years of Viking lander range data are a small
though highly accurate subset of the astrometric data
defining the planetary ephemeris DE403/LE403 [Stan-
dish et al., 1995]. There are 1282 normal points ob-
tained during about 200 range passes, and the re-
duced data have RMS residuals of 2-3 m during any

one day and about 7-12 m overall. The difference is

due to a combination of solar plasma effects and cal-

ibration errors. The range signature p to a lander is

related to the orbit and orientation of Mars’ figure by
P d—R-d (15)
R-d = R,sinés+ Rj coségcosHg

where the component involving the Earth-based radar

network is ignored. The cylindrical lander coordi-

nates are R,;, Ri; = ,/Rfci -I-Rfli and longitude \;
of the ith lander. The remaining variables depend

on the Mars’ longitude L, and longitude L4 and hour
angle Hy relative to Earth.

sinég =~ sinesin(Lq— 1)

Hg ¢+¢+ A — Ly

Lqg = L + arcsin((rg/d)sin S) (16)
d B \/T2+Té —ZT‘T@COSS

cosS = TTg

Separation of the various components primarily in-
volves detection of the different temporal frequency
dependences of the various components. There were
two Viking landers, and contemporaneous ranges to
the two sites can isolate the part dependent on the
R, component of the lander location. The fast com-
ponent involving the Martian rotation angle ¢ is the
easiest part to isolate; however, its sensitivity to the
obliquity and node are reduced. Nutations and pre-
cession happen to preserve ws =q§ + z/; cos€. There-
fore the sensitivity to the obliquity and node tends
to come through the cos§4 modulation of the hour
angle factor in (15). The relative sensitivity of the
off-axis and z components of R - d to obliquity is
~1/2sineR, /R..

Several solutions with different model solution pa-
rameters and data subsets have been examined to de-
termine a plausible uncertainty for both the orienta-
tion of Mars at an epoch near the middle of the Viking
mission (January 1.0, 1980, or JD 2444239.5) and the
spin rate and precession rate. The first column in
Table 2 shows a solution which includes all data and
solves for 184 parameters, including a seasonal model
for Mars rotation. This model includes four param-
eters which absorb annual and semiannual variations
in axial rotation of Mars.

¢ = 252.3003°+ ¢t + ClcosL*+ (17)
C2cos2L* + Slsin L* + S2sin2L*

The angle argument L* rate is the Martian sidereal
year and the phase of L* is zero at the chosen epoch
(here January 1, 1980).



The remaining five solutions consider subsets of the
parameters and data in order to access realistic error
bounds. Column 2 removes the seasonal model, and
this change leads to ~20 changes in epoch obliquity,
longitude 1, and rates ¢ and ¢. Columns 3-6 fit just
the Viking lander range points and limit the solution
parameters to 47 or less, of which six constrain the
orbit of Mars. Columns 4-6 omit Mars’ orbit from
the solution. Column 5 also omits the obliquity rate
while column 6 omits the seasonal model. The cor-
relation matrix shown in Table 3 corresponds to a
15-parameter solution set specific to Mars rotation.
The Viking data set is remarkably effective in sepa-
rating the parameters, except for strong correlations
of the spin rate and node rate and the 1980 epoch spin
longitude and Lander 1 longitude. These two rates )
and ¢ are highly anticorrelated such that their sum is
almost unchanged. Therefore, the sensitivity to these
rates comes from the term in (15) proportional to
R . This interpretation is supported by the fact that
o(R,) ~ 60(R)(see Table 4 for lander coordinates).

Comparison of columns 1 and 3 (which differ pri-
marily in the data set) show 20 changes in oblig-
uity and the semidiurnal coefficient S§2. Although
the Viking data provide the dominant constraint on
Mars’ orientation, there are Mars’ radar ranging clo-
sure points and Mariner 9 spacecraft ranging that
both compete with the Viking data in constraining
the orbit of Mars. There are also two very long base-
line interferometry (VLBI) positions of the Phobos
spacecraft at Mars that help fix its plane-of-sky po-
sition in February and March 1989. These changes
in rotation parameters demonstrate the correlation of
Mars’ orbit parameters, particularly the orbit inclina-
tion and node with some of the parameters defining
the figure orientation of Mars.

The observed secular obliquity rate should be zero.
Since the observed rate is about 3 times the formal
sigma, we should consider that the formal error in
other parameters must be expanded by some fac-
tor perhaps as large as 3. The uncertainty in the
obliquity and projected node angle #gsineo at the
epoch are both about 180 mas or 3 m at Mars’ sur-
face. An examination of these solutions indicates that
the mean obliquity is less stable than the projected
node. A conservative estimate of the node psineg
uncertainty during the Viking epoch is ~ 300 mas
or about 5 m and could be reduced if estimates of
the seasonal terms and Mars orbit parameters are
improved. Ranging to Pathfinder lander in 1997
should result in a pole determination at least as good

as that from Viking. The change in pole position
is 1210 sin egAt ~ 55 arc sec over this period, and
therefore the accuracy of the inferred precession rate
should be improved to <1%.

The solutions for the precession rate in columns 1
and 2 (Table 2) are clearly extremes, and the validity
of either depends on the plausibility of the seasonal
terms. The standard deviations for these parameters
are an order of magnitude smaller than those associ-
ated with analysis of the orbits of Phobos and Deimos
(see Table 5) for precession of Mars’ equator. We
demonstrate in the next section that the observed sea-
sonal coefficients can plausibly be explained in terms
of the ice cap and air pressure variations. Still, we be-
lieve that the most reliable estimate for the precession
rate is a mean of these six solutions with augmented
uncertainty:

Po= —7.83 £ 0.30 arc sec yr ! (18)

Another reason is that the precession rate solutions
from data restricted to the Viking ranges are less sen-
sitive to the seasonal terms and tend toward this me-
dian value. The corresponding moment estimate is

C/M R?% = 0.355 + 0.015 (19)

and is between the two extremes discussed earlier. In
general, this value tends to favor the hot interior mod-
els over the cold models and Mg over Mg+Fe molar
fraction x ar > 80%.

Seasonal Changes in Mars’ Rotation

The Viking data reveal that there are seasonal
changes in rotation [Reasenberg et al., 1980] which are
probably due to surface climate. The observed change
in rotation rate from Viking data analysis (column 1
in Table 2) is

8¢ = —[432sin(f —22°8)+ (20)
318sin(2¢ + 35°1)] mas

when expressed in terms of the orbital mean anomaly
£ (the argument £ = 151.16° on Jarruary 1, 1980). The
realistic uncertainty in each amplitude is about 100
mas (20) and 15° in phase from a comparison of the
four solutions for the seasonal coefficients (columns
1, 3, 4, and 5 in Table 2). Also, the analysis as-
sumed that each data point is independent. A more
pessimistic (and realistic) assumption is that data ob-
tained during a pass are correlated (i.e., are biased).



This interpretation increases errors by about a fac-
tor of 2. The seasonal solution results in a significant
reduction of the Viking RMS residuals of about 11%.

The above signature in (20) includes a variation
due to general relativity and planetary motion. Clocks
on Mars (hence Mars rotation) run slow by a factor
(1 — GMg/c*r — 3v?/c?) [Sears and Brehme, 1968]
relative to standard time. The periodic variations in
Mars rotation due to the variation in orbit radius r is

175.8sin £ + 8.2 sin 24+

0.6 sin 3¢ } mas. - (21)

Oprel. = — [

If this is subtracted from (20), the remainder is

_ 279 sin(¢ — 37°0)+
b =- [ 311sin(2 + 36°0) } mas  (22)

The objective is to determine if we can account for
this signature.

The seasonal change in solar flux at Mars’ two poles
causes the frost caps to wax and wane, absorbing from
or liberating COy to the atmosphere during the ap-
propriate season. The two polar contributions have
nearly opposite phases. However, the effects of differ-
ent cap size, polar topography, thermal inertia, and
albedo result in a £20% variation in local air pressure
at the two Viking sites. The change in mass of the
north and south caps is 3.5 x 10'® kg and 8.1 x 10'°
kg, respectively [Hess et al., 1979, 1980; Kieffer et al.,
1992]. Cazenave and Balmino (1981) have obtained a
realistic estimate of the change in Mars’ rotation due
to the pole to equator migration of CO2, attempting
to include the effect of finite (and variable) cap size
and zonal winds. We will reconsider these contribu-
tions, guided in part by Chao and Rubincam’s [1990]
study.

A harmonic analysis of surface pressure Py; at
Viking 1 lander covering 2 Martian years [Tillman
et al, 1993] results in the following expression:

Pyi = [7.939+ 0.660cos(¢ — 67°2)
+0.566 cos(2¢ + 1°8)
+0.105 cos(3¢ — 7°5) (23)
+0.061 cos(4¢ — 11°9)
+0.014 cos(5¢ — 49°4)] mbar,

when expressed in terms of mean anomaly ¢. Pres-
sure is a maximum at northern winter solstice which
happens to occur near £ = 0° and Mars is closest to
the sun. The mean pressure at the lander 1 site is
high compared to the global mean 5.6 mbar [Kief-
fer et al., 1992] by about 30% . The pressure at the

Lander 2 site which covered 1 Martian year and was
strongly affected by a dust storm, had a very similar
variation. The only exception was the annual term,
which is about 0.08 mbar larger at the Lander 2 site
even after correcting for the greater mean pressure at
Lander 2. .

The predicted change in spin rate § ¢= 6w due
to surface mass displacement or internal momentum
exchange can be derived from the conserved angular

. momentum Cw. Since total mass is conserved, the

variation in moment can be related to a variation in
the Jo gravity coefficient,

§C/MR? = =6J5. (24)

Wl N

The part due to changes in surface mass redistribution
related to seasonally variable, zonally symmetric ice
cap loads and air pressure field is given by [Yoder et
al., 1981]

. Ax R4
6¢ = w°3C (1 + kb))

f [Qicea}’at) + P(‘p7t)/g]
(%coszgo - %)singodcp.

(25)

It is assumed that the core is fluid and decoupled
from the mantle for axial variations in rotation. The
second-degree load number for mantle k/2'm. happens
to satisfy k;m ~ —Fkom and is smaller than the whole
body value because of the positive contribution to ko
from the core. ‘

If the atmosphere is uniformly distributed with co-
latitude ¢ and zonal winds are weak, then rotational
changes depend only on the load history gice(¢,t) of
the two ice caps. However, there is a significant sec-
ond harmonic departure of Mars’ surface from the
geoid allowing air pressure to contribute to nonspher-
ical gravity. Adopt a spherical harmonic expansion
(basis function Ynm(p,A) of degree n and tesseral
order m) of the pressure and surface topography
H(p, ) relative to the geoid:

P(Sov A, t) = Z an(t)Ynm(va )‘) (26)
H(Lp, )\) = ZHannm(So> ’\)

Chao and Rubincam [1990] estimate that the topo-
graphic component of the coefficient P, (t) is related
to the mean pressure P(t) by

Ppm(t) =~ —2P(t)Hpm/Z (27)

if the atmospheric scale height Z ~ 11 km is large
compared to the overall topography and is indepen-



dent of latitude. They also find that the time varia-
tion in a gravity harmonic coefficient §CF,,(t) is

3  P(t) Hum

sCct (t)=—
nm (?) 2n+1pgR Z

(28)

where 7 = 3.933 g/cm?® and surface gravity g = 3.72
m/s?.
Define the following coefficient K5,

[ P(p,t)(3 cos® p — 3)sin pdp

KB =
20 J P(p,t)sin npd(,o (29)
= —2Hy/Z,

(adopting unnormalized Ynm(yp,A) in (26)). A recent
topography solution [Bills and Nerem, 1995] finds
Hyg = —0.76km . Hence K§0 ~ 0.028. The ice load
dice(, t) is not well determined although models de-
veloped by Pollack et al., [1993], which employ imag-
ing to constrain the time history of the cap boundary,
seem to account for the above pressure variation. If
the two caps exactly counterbalance each other, that
is as one cap sublimates a given mass, the other con-
denses it, then there is no change in pressure. This
does not necessarily mean that there is no change in
moment if the two caps extend to different latitudes in
each hemisphere or have different mass distributions
with latitude.

The observed change in mean air pressure 6P (t) =
P(t)- <F(t)> is determined by mass conservation and
is

26?/9 = - /(Qice(‘f”t) - <Qice((/’7t)>) sin pdep. (30)

The angle brackets indicate the mean value. If the
ice caps are concentrated near the poles, one can use
the above mean pressure to estimate the change in
rotation. Furthermore, we shall adopt

6P = (P(2)) 2 5Pyi(t) = KvidPva(t). (31)
(P(t)v1)
Thus the Viking Lander 1 pressure will be a proxy for
the global ice cap/atmosphere exchange.
Finally, in order to take into account the finite ex-
tent of the caps, we shall also define

[ @ice (e, )( cos? p — —)s1n<pd<p 32)

Kcaps _
J ice(te, ) sinpdyp

and again Kg°° is assumed to be independent of time.
This constancy with time only holds if gice(y,t) fac-
tors (i.e. gice(,t) = (@n(p) — Qs(9))T(2))-

From (23, 25, and 29-32), the effect of ice is there-
fore (1 mbar (w/npgR) = 277.9 mas)

6beaps = —K20{367sin(f —67°2)+
157 sin(2¢ + 1°7) (33)
+195in(3¢ — 7.5) + ..} mas,
with
2

! MR ca
Koj = (1+ ko) o $Kvi(K5™ - K3;).  (34)

The factor (1 + ky,,)M R2/Cr, ranges form 2.3 to
2.8 (see Figure 9), although its most likely value is
2.5. The factor Kv1 ~ 0.70, K%, =~ 0.028, while
the cap geometry factor K50 is less certain, since it
is sensitive to such factors as whether the cap subli-

mates/accretes at its edges or more globally changes
over the whole cap surface. We estimate K30°
0.745 for uniform caps which both extend down to
55° latitude. Thus the annual term has a magnitude
~470 mas for nominal values of the mantle moment
and Love numbers. This prediction is about 190 mas
larger in amplitude than observed (see (22)) and is
about twice the ~100 mas uncertainty. The annual
phase difference is 31°, or about twice the estimated
15° uncertainty.

Comparison of the observed and predicted semi-
annual term indicates that the predicted amplitude
is this time about 110 mas smaller than observed
while the phases differ by 34°. These contributions
from 8¢caps and the observed annual and semiannual
terms are compared in Figures 8 and 9, respectively,
including some additional sources to be discussed.
The model predictions for the triannual UT term are
shown in Figure 10 and have a combined amplitude
of less than 30 mas. Although small, the contribu-
tion from tides and ice cap changes are more nearly
comparable.

Cazenave and Balmino, [1981] estimated the ef-
fect of zonal winds and found them negligible (<
2 x 1071%), but this may not be correct [Zuber
et al., 1996]. Global mean circulation models for
Mars’ atmosphere’ [Haberlee et al., 1993] show large
zonal winds which range from 5 m/s near the sur-
face to ~100 m/s at ~0.01 mbar pressure. The RMS
weighted wind velocity in the northern winter is ~20
m/s. During northern winter, the zonal winds tend
to subrotate in the southern hemisphere and super-
rotate in the northern. The axial momentum balance
appears to favor the southern hemisphere and, if true,



would imply that the mantle must speed up in re-
sponse. This wind pattern reverses during northern
summer. This suggests that the wind contribution
to Mars’ rotation is 180° out-of-phase with the mass
part.

The mean atmospheric pressure is about 5.6 mbar,
from which we deduce a mass of 2.3 x 101% g. If
mean zonal winds fluctuate globally by +5 m/s over a
Martian year, then the change in spin is 1.4 x 107°
(equivalent to ~190 mas in §¢) and is about 1/2 the
change due to mass redistribution.

The tidally driven variations [e.g., Yoder et al.,
1981] are proportional to kom/Crm, where kon, is the
reduced Love number of the mantle. The leading
terms are

M R?
0dtidal = —kam £196.6 sin ¢
+62.3sin2(f + 5 — )
+14.1sin(3¢ + 2(w — 9))
+6.8sin 2¢
—5.9sin(¢ + 2(w — v))] mas

The kgmMRz/Cm factor ranges from 0.3 to 0.8 for
the range of Mars’ models considered (see Figure 11)
although the likely value is near its lower bound. The
corresponding amplitudes for the annual term range
from 30 to 80 mas. The annual tidal contribution
when added to the ice cap component in (33) tends
to slightly improve the agreement with the Viking so-
lution.

Clearly, we need to obtain a realistic estimate of
the wind contribution and the potential time depen-
dence of the K3™(t) factor before the discrepancy
between models and observations can be reliably as-
sessed. Another factor which might affect the model
is mass redistribution involving wind blown-dust, but
since this part tends to move east-west rather than
north-south, we believe this source is small. Polar mo-
tion might also corrupt the observed signature. Chao
and Rubincam [1990] estimate that a 1° ice cap offset
from the spin axis will excite ~20 mas seasonal polar
motion as the caps change size. Finally, errors in the
adopted short-period nutation model could also cor-
rupt the Viking observations. We shall briefly review
estimates of these two contributions.

Polar Motion

Define a polar motion variable m = m+im, (here
Mg = wg/w,, etc. and i = v/—1), which is referenced
to a principal axis frame. This frame is related to the

(35)

adopted frame for mapping by the longitude rotation
Ap.A. = T4.75°.  Polar motion is caused primarily by
surface mass redistribution ¥{t) = Cg; + ¢S21, and
any excited free wobble is dampened by solid friction
at a rate [Lambeck, 1980; Yoder, 1995a,b]

T = wokamp/Qw (M R?/3C (36)

where mg = w?R/g.
The dynamical equation is

%m— i{ [(ecwo + 1'7";,1)] m
+2wo exp(idp.a.)e2am™} (37)
= iw, V()

The coefficients e, = (Jo0 — %ksz)MRE/Cm, ez =
JaaM R2/Crn, and m™ is a complex conjugate of m.
The free wobble is

2e99

+ eo
exp —iowt)} exp —t/Tw

m = mo{expiowt — exp(iAp.4.)

(38)
where o = wo\/€2 — 4e3, is the wobble frequency.
The factor 2es2/(ocw + e5) =~ 0.03 and therefore the
free motion is primarily prograde and almost circular.
The factor k2/Q deduced from the tidal contraction of
Phobos’ orbit [Sinclair, 1989; Yoder 1995a] is 1.62 £
0.02 x 10~3. However, the tidal flexing period is 5.6hr
and is 10~3 smaller than the wobble period. If the
wobble quality factor Qw (=~ 200d) ~ Q(5.6 hours),
then the wobble decay time is about 60 years.

The excitation function ¥ due to surface mass re-
distribution is
R* /
v = —3—0-;(1 + ko, ) X
f(qice(()o: ’\a t) + g—lp(w, /\1 t))X
3 cos ¢ sin? p expiAdpdA.

(39)

The excitation on the right-hand side of (39) depends
on the time-dependent ice cap load gq(¢, ), t) and air

" pressure of harmonic degree 2 and tesseral order 1.

The caps at greatest extent during winter are rea-
sonably symmetric with respect to the pole and the
centroid of the cap boundaries deviate by <3° from
the geographic pole. On the other hand, the resid-
ual caps during summer are quite asymmetric with
respect to the pole [James et al., 1992].

As was done with rotation, introduce a (complex)
constant K¥ which relates the above variation in
pressure to the mean pressure. Explicitly,



3 [ P(p,At) cos o sin? pdpdA
J P(p, A, t)sinpdpdr (40)
= —%Hzl/Z.

p
K3

The height Hyp; = (0.47+0.03¢) km [Bills and Nerem,
1995] and KE, ~ —0.026 — 0.002:. Assume that each
ice cap is offset by gay‘s toward longitude ANS,

Gice(0, A, 8) = (1 + 90 CO8(A — Xo))gice(p: 2)  (41)

The above model for gjce(y, A,t) could just as well

be interpreted as a variation in load thickness with
caps

longitude. Define the coefficient K5,
K3 = K3 + K5, (42)
and

N,S .\N,S .
30" expio fN,Sqice(so,t)coscpsmzwdw

N,S
Ko™ = "
2 f‘hce(‘ﬂvt) sin pdyp

(43)
Again, this coefficient is constant if the angle and time
dependence for the ice load can be factored. Adopt-
ing gice(,t) = (@n(p) — Qs())T(t)), we find for
uniform caps extending to 35° colatitude,

Kcaps — 0.91 (QS‘P% eXpi)‘g - QNWE €Xp z’\oN)
" Qs — Qn

The difference between K3;*° and the rotation coef-
ficient K35°° =~ 0.75 given similar approximations is
that the above coefficient can depend on the sum of
the ice loads in each hemisphere divided by the dif-
ference if AY = AS 4180° and oY = 5. For this case
K$P° ~ 2,508 expiAd.

The excitation function can then be related to the
mean pressure and is

§P(t)— )
U= __()K21 (45)
gpR

where Ko is defined in (34). Although the factor
K351%° is unknown, a plausible estimate of the magni-
tude for K9; =~ 0.15 (equivalent to setting K5;7° =
~2KE).

Figure 13 displays the estimated mean polar mo-
tion amplitude using this estimate for ¥. The most
interesting result is that the forced motion from ice
cap changes is 10 — 20 mas at 1, 1/2, and 1/3 year
before falling off at 1/4 year to 5 mas or less. This
effect is entirely due to the resonance effect caused by

the 193 to 212 day wobble period.

. (44) |

The excitation of free polar motion will depend on
the line width of the 1/3 year and 1/4 year excita-
tion. Proportionally, one of these two spectral lines is
at least as close to the wobble frequency as Earth’s an-
nual forcing is to the Chandler wobble. Since Earth’s
mean Chandler wobble amplitude is as large as the
annual forcing, the expectation should be that the
wobble is about as large as either the 1/3 year or 1/4
year forced motion. Another way of estimating the
free wobble is to use the spectral amplitude in the
pressure near the wobble period as § Py ~ 0.01 mbar
[Barnes, 1981; Zurek et al., 1992]. The mean free
wobble period due to this noise is

6 Py —
YK o1 Vw2 [ vw (46)

gpR

<m >n

or ~10 mas if we again estimate K 21~0.15. The spec-
tral power in the ice load history near the wobble pe-
riod could be higher, and it is not implausible that
the free wobble might be as large as 50 mas.

Short-Period Nutations

In addition to Mars quasi-secular precession, the
Sun also drives short-period variations in Mars oblig-
uity and node which result from a combination of the
changing orientation of Mars’ figure relative to the
Sun and Mars’ large orbital eccentricity. If Mars were
rigid, then precise measurement of these factors would
also provide an additional constraint on the polar mo-
ment, C. The rigid body amplitudes in table 6 have
been calculated assuming C' = 0.365M R? [Borderies
1980]. The Lyttleton et al. [1979] model for the short
period terms has been adopted in this data analysis
for which the equivalent moment is 0.374. Thus the
rigid response could be larger by a factor of ~1.05 if
C = 0.355M R2, changing the amplitude of the semi-
annual nutation by about ~30 mas.

Elasticity of Mars’ mantle and the independent nu-
tation of the fluid core introduces a correction factor
G(s;), which is applied to the decomposed prograde
and retrograde parts of ée — ¢ sin epde:

be —isinegbyp = 3 ; G(sj)a+(s;)exp(is;t + 6;)

+G(—s;)a_(s;) exp —(is;t + 6;)
(47)
where s; is positive. To first order, G(s) is [Sasao et
al. , 1980]



k
Gls) = 1-2CR2 p 2
ef w_ 0c—S 4
Fo= Ao DAY o
Am €c

The factors ko and v measure the elastic change
in shape of the surface and core mantle boundaries,
respectively, in response to tides. The parameter e, is
the dynamic ellipticity of the core-mantle boundary.
The factor F is shown for three mantle profiles in
Figure 14 and demonstrates that it is an excellent
proxy for core radius.

The free core nutation frequency o of the fluid
core is

Ge = —(C/Cm)(ec — Bmp)w (49)

where E is another elastic correction factor. The ex-
pected FCN period ranges from -330 to -220 day and
could be near either 1/2 or 1/3 of a Martian year.

Figure 15 displays the nutation amplitudes for the
prograde annual and semiannual a4 (2L) and retro-
grade semiannual ¢_(2L) and triannual a_(3L) nu-
tation amplitudes as a function of composition and
core size. The effect of increasing core ellipticity by
7% for the xpr = 89% is also displayed and shows
that it can be an important correction for the retro-
grade terms. The minimum RMS signal from these
five lines is about 25 mas for plausible core size, but
could be as large as 60 mas. Folkner and Kahn [1994]
find that tracking of 2-3 landers for a Martian year
could resolve the moment ratio F factor in (48) to
about 0.01.

Future Missions

We have demonstrated that Viking range data are
capable of detecting Mars precession to an accuracy
of about 300 mas/yr and seasonal variations in rota-
tion to an accuracy of about 100 mas/yr. Although
interesting, the results are not precise enough to serve
as useful constraints on either moment of inertia or
surface climate. The remaining issue is to examine
what can be achieved with planned or contemplated
missions.

Improvement in the orientation of Mars was one of
the scientific goals of the unsuccessful Russian Phobos
lander mission, the failed Mars Observer mission [Al-
bee et al., 1992], the cancelled MESUR and European

INTERMARSNET projects (both multiple landers) -

[Kahn et al., 1996]. The major source of highly ac-
curate astrometry during this decade will involve the
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future Pathfinder lander and MGS orbiter missions
which will reach Mars in late 1997. Doppler and range
data obtained from these spacecraft should provide a
dramatic improvement in resolving Mars’ orientation
given that each carries an X-band transponder ca-
pable of ~ 2 m range and ~ 0.1 mm/s (for 10 sec
integrations) Doppler tracking accuracy. The lander
data alone should rapidly determine the pole orien-
tation to within a few meters with a few months of
data [Edwards et al., 1992; Folkner and Kahn, 1994;
Folkner et al., this issue]. When combined with the
Viking pole position, the precession rate between the
2 epochs should be determined to better than 1%.
Pathfinder should also detect with greater certainty
the seasonal rotation terms if the mission lasts well
beyond its minimum 1 month lifetime. Folkner et al.,
[this issue] find that a combination of Doppler and
range data obtained on a regular basis (3 h/week)
over 1 Martian year can reduce the uncertainty of the
UT seasonal variations to 8 mas (1 year) 25 mas (1/2
year) and 7 mas (1/3 year). Polar motion is obtained
to similar accuracy: (7 mas (1 year), 16 mas (1/2 and
1/3 year)). However, it is problematical whether the
core moment in (48) can be detected with sufficient
accuracy to usefully constrain core size from the lan-
der data alone. The addition of orbiter and VLBI
data may dramatically improve the prospect of de-
tecting the core through its effect on nutations and
tidal Love numbers. The timing precision of the X
band transponder can be as small as 75 ps if this in-
strument is properly calibrated [Edwards et al., 1992;

. Kahn et al., 1996]. However, there may be other limi-

tations such as signal to noise ratio (especially for the
lander) which degrades the measurement to about 1
m under the best of circumstances. Clearly, even a
modest improvement from combining Pathfinder and
MGS ranging of even a factor of 2 to 4 could dramat-
ically improve chances of detecting the core.

Differential Doppler tracking and ranging of the
orbiter relative to the lander may improve the abil-
ity to detect a variety of geophysical and climate re-
lated effects directly from perturbation of the orbit
[e. g, Wu et al., 1995]. First, the seasonal changes
in the CO4 ice caps cause detectable changes in the
zonal harmonics of the gravity field Ja, J3, J4, etc.,
from their long-term perturbation of either the node
(even harmonics) or the orbital eccentricity (odd har-
monics) [e.g., Yoder et al., 1983; Chao and Rubincam,
1990]. The advantage of detection of, say, the J3 vari-
ation from the related seasonal variation in rotation
is that it is independent of zonal wind changes and



the moment of inertia. Estimates of the annual and
semiannual amplitudes for the normalized coefficients
are shown in Figure 16 and are to be compared with
a estimate of the equivalent noise level achieved for
Magellan gravity after being rescaled to account for
the difference in mass and radius. The MGS space-
craft should do as well, since the Doppler tracking
systems are comparable (both X band). Differential
Doppler tracking may lower this noise level by a fac-
tor of 2 to 10, depending in part on the ability to
avoid spacecraft orbit adjustments for long periods
of time. Another important point is that the even
harmonics depend on the sum of the loads in the
two hemispheres while the odd harmonics depend on
the difference in the hemispheric load histories [Chao
and Rubincam, 1990]. Therefore the Ja, J3 histories
will determine the total change in mass in each cap.
Comparison of seasonal UT and the J history will
isolate the mantle moment (hence core size) if a rea-
sonable model for the zonal winds can be constructed.
Improvement in the spacecraft orbit will also aid the
MGS mapping mission done with both camera and
laser altimeter. The most exciting possibility is di-
rect mapping of the elevation changes associated the
rise and fall of the ice caps. Roughly, 75 g/cm? and
110 g/cm? accumulate at north and south caps each
season [Zurek et al., 1992]. Porosity (i.e., snow) and
geographic variations could easily lead to ice cap to-
pography changes of 10 m or more. Accurate tracking
of the orbiter relative to the lander may reduce the
radial orbit uncertainty to less than 1 m, although
this point has yet to be demonstrated. Earlier studies
[Folkner and Border, 1990] indicate that the trans-
verse position accuracy of 10 m can be reached using
doubly differenced VLBI data.

The short-period radial Doppler signature for a po-
lar orbiter is [Konopliv and Yoder, 1996]

~ 0.036ks cos(2Lg — 2L p) mim/sec. (50)
This amounts to a radial displacement of about 5
kocm during a 20 min pass and which is phased with
the Sun. Detection of ko may be possible but will re-
quire an order of magnitude improvement in Doppler

sensitivity compared to that obtained for Magellan.

The MGS Spacecraft will be placed in a nearly cir-
cular and polar orbit with orbit inclination adjusted
to about 93° such that the orbital node precesses
with the Sun and local time below the spacecraft is
1400 (day)/ 0200 (night) This means that the orbit
inclination is particularly sensitive to the prograde
annual nutation and if the spacecraft orbit maneu-
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vers are avoided, then this perturbation will cause
a long-term drift in orbit inclination with amplitude
ma4+(2L)/yr~ 3 mas/day (see Figure 15a and Table
6). Another means of determining the size of the core
with greater sensitivity is to place the MGS space-
craft at the end of its nominal mission in a different
"resonant” orbit, say, either the retrograde annual
(I ~ 87°) or prograde annual (I ~ 96°) for which
the core effects are 2-4 times larger.

Clearly, each of these distinct measurements will
improve detailed models of Martian climate and gen-
eral geophysical parameters such as moments of in-
ertia of mantle and core and Love numbers. Finally,
there is a wealth of planetary orbit information in-
cluding improved detection of relativity parameters
[Reasenberg et al., 1979b; Shapiro, 1990], asteroid
masses [Williams, 1984; Standish and Hellings, 1988
and frame ties [Standish and Williams, 1990; Standish
et al., 1995] which would result from such a project.
The proposed experiment requires (1) implementa-
tion of instrument testing and calibration to achieve
the highest possible precision, (2) extensive planning
for the data campaign, and (3) allocation of antenna
time.
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" Table 1. Mars’ Orbit and Low Order Gravity

Mars’ Orbit? Value Rate
I 1.85061° —0.25 arc sec [yr
Q 49.57854° —10.20 arc sec [yr
e 0.0931233 12 x 1078 /yr
L 355.45332° 191.403066° /yr
l 19.41248° 191.399324° /yr
Mars’ Gravity® Value
GM km3/sec?  42828.370

+0.026(30)
Re 3394.2 km
Jg x 10° 195816 + 90
Ca —54423 + 43
S22 32067 + 44

Epoch is January 1, 2000. The mean orbital ele-
ments and their secular rates correspond to a 250 year
average obtained from a numerical integration.

2 Yoder [1995a] ® Konopliv and Sjogren [1995].

This preprint was prepared with the AGU IATEX macros
v3.1. File PATHPAP formatted 1997 January 14.



Table 2. Solutions for Seasonal UT Changes (C1, S1,
C2, and S2), Spin Rate Ed;qﬁ, Figure Orientation Angles

obliquity €, and Nodal Angle 3 and Their Secular Rates.

Solution
Parameter 1 2 3 4 5 6
1 C1 (mas) —339 —301 —243 —197
a(C1) +54 +47 +43 +43
2 S1 (mas) 268 276 227 206
+54 +50 +43 +43
3 C?2 (mas) 122 91 119 140
+58 +40 +36 +36
4 52 (mas) —294 —-197 —206 —205
+54 +40 +40 +40
5 44 (deg/day) 350.891985106 —243x10™°  29x107° —84x107° —98x107° ~123x 107°
4+0.000000138 +131 x 10™°  £74 x 10™° £57x 10™° +58 x 107°  +58 x 107°
6 €o (deg) 25.189351 25.189142  25.189231  25.189239  25.189116 25.189115
+0.000052 +0.000047  +0.000041 0.000037  £0.000031 +0.000035
7 £¢ (mas/yr) 229 162 256 257 162
+88 +85 +58 +45 +46
8 o (deg) 35.479649 35.479479  35.479534 35479582  35.479544 35.479427
+0.000121 +0.000114  +0.000078  +0.000070  =0.000070 +0.000070
9 £+ (mas/yr) —7905 —7645 —7943 —7837 —7834 —7788
+186 +175 +97 +80 +82 +80
Moment C/M R? 0.3513 0.3630 0.3495 0.3543 0.3544 0.3565
o(C) +0.0089 +0.0083 +0.0043 +0.0038 +0.0038 +0.0038

Solution 1 shows part of the nominal solution (184 un-
knowns) using 40,674 observations. Solution 2 removes
the seasonal model for Mars rotation. Accurate Mars data
include 629 Mariner 9 ranges (o of 35-120 m), Mars’ range
(¢ = £0.5 km) deduced from Phobos spacecraft OD in
1989, four Phobos VLBI experiments (Mars RA and Dec
with ¢ = £10 to +100 mas)) and 1282 range points to
the two Viking landers obtained during 6 years and ob-
tained during ~200 ranging passes. Solutions 3-6 reduce
the data set to just the 1282 Viking range points (1202
to Lander 1 and 80 to Lander 2). Solution 3 is limited to
47 ”geometric” parameters, including the above variables,
the Viking lander coordinates, nine Deep Space Network
(DSN) station coordinates (longitude of one fixed), and
six Mars’ orbit parameters. Solutions 4-6 omit Mars’ or-
bit. Solution 5 omits the obliquity rate 7%5 while solution
6 omits the seasonal model (and which increases the rms
residuals in solution 4 by 11%). The epoch is January
1, 1980 (MJD=2444239.5). The solution for spin rate in
row 5 shows only the changes in the rate from the nominal
solution in column 1. Errors are 1 standard deviation
and mas=milliarc second. Moments of inertia are based
on 1 solution rates in row 9 and (11) and (12).
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Table 3. Correlation Matrix (x10%) for the Re-
duced, 15 Parameter Set

Cc?2 S1 S2 < €0

d
410

C1_ -181 1258 -3629 1136 -3484 -2011

C2 10000 405 692  -285 -1992 -914
- S1 10000 1599 2224 1108 283
52 10000  -591 542  -53
L4 10000 386 84
€0 10000 6187
¥ Ly
c1  -2120 -1913
Cc2 632 274
51 -3792  -2432
52 92 909
44 -7932%  -9706°
€ 148 79
4 833 311
¥ 10000  8153°
Ry R: A1 R,2 R 2
Cl1  -2995 1595 1838 -674 1387 994
c2  -195 1092 -867  -733 962 584
S1 2150 -1797 3208 733 -425 2650
52 1143 262 280 1034  -509 955
-&d?qb 1013 -1075 8087  -2265 520 5816
€ 5617  -T155% 24 1450 -3371 -503
d%e -200 -1264 -473 -673 2897 -479
S -1574 1140 -9761> 253 490 -7071°
Ly -T75 1016  -7963* 2370  -652  -5442
Rii 10000  -6954 1323 1884  -4902 876
R 10000 -1108 -1643 4887 -141
% 10000  -278  -378  7222°
Rjo 10000 -3534 -814
R.2 10000 666

@ Correlations > 0.7.

Table 4. Viking Lander Coordinates for Solution
1 in Table 2 Which Are Consistent with (17) Defining
.

Parameter Value
R1(m) 3136515.5+ 1.6

R 1284456.1 £ 10.4

A1 311.7359° £ 0.0011° E
Ryo 2277375.6 £ 1.9

R.o 2500053.4 + 11.0

A2 133.9676° £ 0.0011° E

Note that longitudes are in a right-handed coordinate
system. The z height solutions without the seasonal
terms (solution 2 in Table 2) are 27 and 35m greater
for Landers 1 and 2, respectively. Removal of the sea-
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sonal terms also change the Earth’s orbital eccentric-
ity by 6e = —1.75x 101! (2.20) and Mars’ semimajor

axis by a/a = —1.13 x 10711 (1.20).

Table 5. Motion of the Pole from Satellite Orbits

Reference Parameter

Rate

Sinclair [1989]

25.2001° £ 0.0039°

€0
a‘ite (arc sec/yr) 1.4440.72
P 35.01° £ 0.01°
4y (arc sec/yr) —9.97+1.8
Jacobson
et al. [1989)
Deimos
diz/z (arc sec/yr) —7.080 £1.37
&€ (arc sec/yr)  1.65 +0.86
Phobos
t—;-lt—z/) (arc sec/yr) —10.6+£2.7,

Jacobson et al. [1989] and Sinclair [1989] determine
the pole motion from Phobos and Deimos using space-
craft imaging data and ground-based astrometry. Sinclair
solves for a common pole rate relative to the Laplacian
plane while Jacobson finds rates for each satellite relative
to Earth’s equator. The epoch for both estimates is Jan-
uvary 1, 1950. Sinclair’s higher value is almost certainly
due to Phobos. Jacobson et al.(1989) uses Earth’s equa-
tor as a reference for which € = 36.6° and ¢ = 46.3° for

Deimos.

Table 6. Rigid Body Short Period Nutations
Obtained Using Borderies’ [1980] model with C =

0.365/M R2.
Argument 5 e at a.
2(L — ) —1.0984 0.5168 0.4921 0.0247
2(L—)—t 0.1047 —0.0493 0.0469 —0.0024
2(L —vy)+¢ —0.2399 0.1129 0.1175 0.0054
2(L — ) +2¢ —0.0408 0.0192 0.0183 0.0009
2(L —4)+3¢ —0.0061 0.0031 0.0029 0.0002
¢ 0.6031 0.0 -0.3015 0.3015
2¢ 0.0443 0.0 -0.0221 0.0221
3¢ 0.0040 0.0 —0.0020 0.0020

Units are arc seconds. The J2000 phase of arguments
are L = € + @ = 355.45°, £ = 19.41° and ¢ = 35.48°.
Changing the amplitude of these coefficients by a factor
of 1.05 has a small effect on solution parameters in Table
2: 6C1 = 2.0, 681 = 2.8, 6C2 = —3.9 and 652 = -2.1

mas, while 62‘%1,1) = —5.1 mas/yr.



Figure 1. Mantle density prbﬁles as a function of mantle composition x s and temperature offsets AT. The
models are constructed using Earth as a basis model [Yoder, 1996b]. The effect of temperature on mantle density
is estimated using aexp. X 107 = 26 + (11 + 3xMm)(T/°C 103) [Jeanloz and Thompson, 1983].

Figure 2. Total moment of inertia and core composition x¢ versus core radius for eight mantle density profiles.

Figure 3. Total moment of inertia versus core moment of inertia.
Figure 4. Potential Love number ko versus moment C for six models.

Figure 5. Love number k3 versus core composition x¢.

Figure 6. Love numbers for potential k2 and vertical displacement hy versus core radius for 3 "hot” models with
AT = 200°C. Linear fit is ho = 1.81k9 + 0.0085 over the range shown.

Figure 7. Orientation of Mars’ orbit and pole of rotation.

Figure 8. Comparison of observed annual signature for 6¢ (column 1 in Table 2), and an estimate from ice
cap sublimation and accretion (33) and solar tides from (35) using komM R2/Cy = 0.5. The angular orientation

corresponds to £ = 0°.

Figure 9. Comparison of observed and model semiannual amplitude in rotation angle, 6¢.

Figure 10. Triannual model contributions.

Figure 11. Shown are the factors which affect the tidal (komM R2/Cy) and ice cap ((1 + kb,,) M R2/Cp,.) contri-
bution to rotation, respectively. Also, kb, ~ —kom.

Figure 12. Wobble and FCN nutation frequencies versus moment C for 3 hot models.
Figure 13. Predicted forced polar motion amplitude based on the uniform cap model and =~ 1.5° offset.

Figure 14. The core F factor for three hot mantle profile models.

Figure 15. Nonrigid response for five frequencies (see (47) and Table 5). In Figures 15a and 15¢c, the annual and
semiannual prograde amplitudes are shown, respectively. In the remaining panels, the amplitudes for the retrograde
annual, semiannual, and triannual lines are displayed.

Figure 16. Predicted amplitudes for seasonal variations in normalized zonal harmonics J, for n = 2,3,4 and
5. The estimates assume uniform accretion/sublimation and cap angular radius of 35°. The sensitivity (a factor
of 10 smaller than that claimed by Chao and Rubincam [1990]) is based on standard deviations for Venus gravity
[Konopliv and Sjogren, 1996] which have been multiplied by a factor of 2.4 to account for the different mass and

radius of Mars.
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